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Abstract
This thesis was undertaken to evaluate the use of epiphytic lichens as bioindicators and
Sentinel-5P TROPOMI estimates of NO2 and SO2 pollution to examine the impact of air quality
on forest health in two different urban parks (Meeman-Shelby Forest State Park and T.O. Fuller
State Park) in Shelby County, Tennessee. Field survey of lichen abundance was cross-validated
with Sentinel-5P TROPOMI air pollutant estimates and NDVI values from the National
Agricultural Imagery Program (NAIP) were used to correlate forest health with air pollutants.
Results showed the plots at Meeman-Shelby Forest State Park had overall higher lichen
abundance than the plots at T.O. Fuller State Park while overall air pollutants were higher at T.O.
Fuller State Park suggesting lichen abundance was affected by air pollutants. Combined park’s
three-year (2019-2022) average concentrations of NO2 was the only pollutant to be related to
geographic distribution of lichen abundance with statistical significance, suggesting NO2 has
more negative impact on lichen abundance densities. When examined by individual park,
Meeman-Shelby Forest had higher concentrations of SO2, and T.O. Fuller contained higher
levels of NO2 at plot locations. Lichen abundance at Meeman-Shelby Forest showed a
statistically significant negative correlation with SO2 levels and while not significant T.O. Fuller
lichen abundance decreased with increased NO2. Strong positive correlation between NDVI
values and lichen abundances suggested that long-term survey of lichen abundance at permanent
plots would be a useful tool for monitoring of the impact of air pollutants to urban forest health.
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1. Introduction

Excess atmospheric nitrogen (N) and sulfur (S) deposition can lead to negative
consequences for our forests. Studies suggest N and S pollutants have likely altered forest
demographics in the U.S. (Horn K.J. et al., 2018). Although N is essential for plant growth, too
much N can cause loss of other nutrients, reduce growth of roots (Horn K.J. et al., 2018; Aber et
al., 1998), and thus disrupt biogeochemical cycling of the forest ecosystem (Campbell et al.,
2009). When paired with other pollutants such as sulfur dioxide (SO2), impacts are more severe
(Carter et al., 2017). Anthropogenic influences are exposing ecosystems to elements at higher
concentrations than were previously experienced naturally. Urban and industrial areas especially
suffer from various pollutants that originate from burning fossil fuels, agricultural practices,
incinerators, engines, and industrial developments (Markert et al., 2003). Urban forests both
regulate local climate and mitigate urban air pollution (Escobedo et al., 2011). With increasing
pollution deposition over recent decades (Galloway et al., 2003), the demand for monitoring of
air quality in urban forests is at an all-time high (Stolte et al., 1993).

Epiphytic lichen communities are among the best bioindicators of N and S-based air
pollutants as well as forest health (Carter et al., 2017). Epiphytes grow on substrates such as
vegetation or rocks. Unlike soil-rooting plants, epiphytes draw moisture and nutrients from the
atmosphere, making them sensitive to atmospheric components (Lowman & Rinker, 2004).
Previous studies have confirmed the sensitivity of lichen communities to air pollutant
concentrations (Bates et al., 2001; Van Dobben H.F. et al., 2001; Wolterbeek B., 2002). While
in-situ retrieval of forest health indicators has been used to determine air quality (Loppi, 2014),
this study examines two different urban forest state park settings using field observations
1

integrated with satellite remote sensing pollution estimates. Federal land management agencies
such as the United States Forest Service, National Park Service, Fish and Wildlife Service, and
Bureau of Land Management have ongoing lichen studies to measure air pollution impacts on the
environment (Stolte et al., 1993), but the local scale applicability of lichen abundance as a
bioindicator to urban forest health is lacking. While on-site field work is necessary for lichen
survey, it is labor intensive and costly due to its nature of fine scale surveying. However, when
paired with remote sensing techniques, it provides a more practical opportunity to monitor
potential air quality impacts on forest health conditions. A more efficient lichen monitoring
procedure calls for the establishment of permanent plots for long term monitoring methods
which require validation of on-ground data with remote sensing estimates.

The new passive remote sensing Tropospheric Monitoring Instrument (TROPOMI) is a
satellite instrument on board the Copernicus Sentinel-5 Precursor satellite. This is the first
Sentinel satellite that measures atmospheric composition. Since the start of its operation,
Sentinel-5P has been actively tested for air pollution monitoring (Kaplan et al., 2019; RabieiDastjerdi et al., 2022; Savenets, 2020) around the world. A considerable amount of research has
compared Sentinel-5P estimates and ground-based measurements (Ialongo et al., 2020; Verhoelst
et al., 2021). Most Sentinel-5P validation efforts are done by large scale observations of entire
cities, states, or countries, but there is limited data that validates the relations between Sentinel5P and lichen abundance as bioindicators. Because the Sentinel-5P TROPOMI measures
atmospheric conditions, near-surface estimation methods are needed for validation (B. P. Das et
al., 2021). Thus, in-situ measurements of air quality bioindicators can serve as ground truth for
the Sentinel-5P satellite data.
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To examine the impact of satellite-based air pollution estimates on forest health (Pause et
al., 2016), other remote sensing satellites are utilized to retrieve forest health measurements. The
National Agricultural Imagery Program (NAIP) provides aerial imagery during the growing
seasons in the continental United States. NAIP imagery is often used to assess forest health due
to its fine resolution and availability of four spectral bands (blue, green, red, and near infrared
(NIR)) (Hanavan et al., 2021; Fraser & Congalton, 2021). Given difficulties with accurately
measuring forest health with field-based data sampling alone, the use of remote sensing
techniques provides a synoptic view of both areas with high resolution.

The objectives of this thesis are to survey the lichen community as bioindicators in two
urban state parks situated in different environmental settings and evaluate the applicability of
Sentinel-5P TROPOMI pollution data for monitoring air quality and forest health. Statistical and
comparative analysis will be conducted between Sentinel- 5P TROPOMI estimates and
abundance of lichen bioindicators in both state parks to determine the portion of forested areas
within the parks that are more susceptible to impacts from poor air quality. Finally, lichen
bioindicators paired with Sentinel-5P TROPOMI air quality data will be compared with forest
health measures examined by using NAIP data sets.

1.1. Lichen Community and Forest Health

Lichens are extremely diverse flora. They are non-vascular plant-like organisms that are
made up of a fungus and algae living together in a symbiotic relationship. The fungus acts as the
structure support mechanism and the algae performs photosynthesis to obtain nutrients. There are
three main types of lichen (Fig. 1) that are distinguishable through growth forms: foliose,
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fruticose, and crustose. Crustose lichens are crust-like and are considered the most tolerant to
pollution whereas foliose and fruticose are the most sensitive to pollution (Fenton A.F., 1960).

Figure 1. Illustration of the three main lichen growth forms (Biegel, 2022)

They differ from vascular plants because they do not have an epidermis, stomata, roots, nor waxy
cuticle and the absence of stomata results in their inability to regulate gas exchange (Stolte et al.,
1993). Because lichens solely depend on the atmosphere for nutrients, and their ability to
transform atmospheric N into a usable form for other organisms in an ecosystem (Carter et al.,
2017), they are important for nutrient cycling in many environments. However, excess N and S
pollutants may cause sensitive lichen species to develop structural changes such as reduced
photosynthesis and bleaching which may cause discoloration to the algae, reduced growth of the
fungus, or kills the lichen completely (Lawrey, 2011). Lichen health is most affected by SO2 and
4

NO2 pollutants, and their communities are now one of the most widely used indicators of air
pollution (Seed et al., 2013).

Previous studies also indicate that N and S levels directly affect productivity of forests
(Minocha et al., 2015). S is essential for plant metabolic processes and is absorbed by the roots
or by the leaves as gaseous SO2. However, excess SO2 can cause chronic foliar injury that is
visibly characterized by a yellow appearance and conifer needles may become reddish-brown
and fall off the tree (Loman et al., 1972). The side of the tree facing the emission source is likely
to experience harsher symptoms (Loman et al., 1972). Continuous exposure of excess SO2 may
reduce tree growth, terminal growth, and results in narrower tree ring growth (Loman et al.,
1972). Similar to S, studies found excess atmospheric N leads to negative consequences for plant
diversity (Gilliam, 2006). With chronically high concentrations, N pollutants can defoliate and
weaken trees, reduce forest growth, and contribute to tree mortality (Millar & Stephenson, 2015).
Therefore, N and S pollutants continue to impact the health of forests in several regions of the
U.S. and have been identified as one of the major long-term forest health monitoring factors in
North America (Tkacz et al., 2008). Although trees may respond to chronic exposure of air
pollution through foliar injury, the variety of other influences on tree growth make the responses
of trees to pollution difficult to measure (McCune, 2000). Since deciduous trees shed their leaves
in the winter, they cannot be measured year-round like the lichen community.

1.2. Remote Sensing

Copernicus Sentinel-5 Precursor satellite (hereafter, Sentinel-5P) was launched in
October 2017 by the European Space Agency and is used to monitor the density of numerous
atmospheric gases that affect air quality (Omrani et al, 2020). The TROPOspheric Monitoring
5

Instrument (TROPOMI) is a multispectral imaging spectrometer on board Sentinel-5P that can
detect NO2 and SO2 along with other atmospheric gases (Ialongo et al., 2020). Sentinel-5P
performs global coverage every 24 hours and spectral domains range from UV and visible to
near-infrared and shortwave infrared (Vîrghileanu et al., 2020). This instrument also has high
spatial resolution (3.5km x7km) for trace gases (excluding CO and CH4) (Omrani et al., 2020).
This allows for fine details and detection of smaller NO2 and SO2 plumes. Two versions of the
Sentinel-5P datasets are available- the Near Real-Time (NRTI) version which appears quicker
after acquisition but covers a smaller area, and the Offline (OFFL) version which offers datasets
from a single orbit around the planet (The European Space Agency). Individual days from
Sentinel-5P datasets are available through the Copernicus Open Access Hub. Datasets from
specified time periods can be downloaded with Google Earth Engine code, where original Level
2 (L2) data is converted to Level 3 (L3) to be processed in Google Earth Engine.
NAIP is managed by the U.S. Department of Agriculture’s Farm Service Agency and
acquires aerial imagery at a fine resolution of 1-meter ground sample distance (GSD) during
agricultural growing seasons (USGS). NAIP geo-spatial datasets are available through the U.S.
Geological Survey (USGS) Earth Explorer. Since NAIP includes the NIR band, spectral indices
such as NDVI (Normalized Difference Vegetation Index) can be used to measure forest health.
NDVI values are calculated from the reflectance of chlorophyll fluorescence measurements that
assess photosynthetic efficiency. If the impacts from NO2 and SO2 pollutants or other stressors
cause reduction in photosynthetic activity, the normalized difference between Red and NIR band
(NDVI, Equation 1) are expected to be lower than healthy forest (Fraser & Congalton, 2021).
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Equation 1. Normalized Difference Vegetation Index (NDVI)

𝑁𝐷𝑉𝐼 =

(𝑁𝐼𝑅 − 𝑅𝑒𝑑)
(𝑁𝐼𝑅 + 𝑅𝑒𝑑)

1.3. Study Area

Southwest and northwest Memphis, Tennessee, are residential areas surrounded by fossil
fuel burning, steel, refining, food processing industries and numerous mobile sources whose
emissions may impair local forest health (Jia & Foran, 2013). T.O. Fuller State Park (Fig. 2)
consists of 1,138 acres of land and is surrounded by industrial developments (Fig. 4) and
urbanized areas of lower-income neighborhoods in the southwest portion of Shelby County,
Tennessee. In the northwest corner of Shelby County is where Meeman-Shelby Forest State Park
encompasses 12,539 acres of land and is in a more remote setting compared to T.O. Fuller State
Park (Fig. 3).
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Figure 2. Satellite imagery of T.O. Fuller State Park in Shelby County, Tennessee

Figure 3. Satellite imagery of Meeman-Shelby Forest State Park in Shelby County, Tennessee
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Figure 4. Facility Registry Services industrial sites and state parks in Shelby County, Tennessee

Facilities and sites that potentially disrupt environmental regulations are identified by the
Facility Registry Services (FRS) (Environmental Protection Agency, 2011). FRS sites include
hazardous waste sites, oil refineries, and power plants. Although many of the industrial sites in
Shelby County are located closer to T.O. Fuller State Park, these are not the only sources of air
contamination in urban settings. Due to Shelby County bordering the Mississippi River, the west
facing side of the parks are expected to experience negative impacts from boat emissions.
Another area with presumably high concentrations of air pollution is the Memphis International
Airport, located in the south-central portion of Shelby County. Additionally, a railway intersects
T.O. Fuller State Park, potentially contributing to the concentration of air pollution.
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2. Data
The first set of data was obtained through field work completed within the study areas.
Both state parks are easily accessible for lichen data collection. The second set of data was
acquired through remote sensing techniques and accessed through open-source software. Both
sets of data were cross validated in comparative and statistical analyses (Fig. 5).

Figure 5. Data acquisition flow chart: Lichen abundance and Sentinel-5P data were used to
measure air pollutants while imagery from National Agricultural Imagery Program was used to
measure forest health

2.1. Field Work
Lichen abundance was surveyed from December 2021 to February 2022 in MeemanShelby Forest State Park and T.O. Fuller State Park. The Quadrat Sampling method was used for
lichen abundance data collection. This method is a classic tool used to study the distribution of
species over large areas (Goodall, 1952). Lichens were counted in thirty randomly sampled plots
at Meeman-Shelby Forest State Park and fifteen plots at T.O. Fuller State Park to account for the
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difference in the size of both parks (Fig. 4). Plot location was randomly chosen using ArcGIS
Pro within the park boundary and the coordinates marked the location of each plot. 10m x 10m
plots were then set up at the plot locations and tree species, DBH (Diameter at Breast Height),
lichen count, and lichen type were all recorded. Lichen abundance was then measured by
counting lichens on all sides of individual trees with a scale of 0-10, with 0 representing no
lichens on a tree and 10 representing ten or more lichens on a tree. Lichens were counted
individually with a clear, distinct separation from one another.
2.2. Remote Sensing
Level 3 NRTI NO2 and SO2 mean annual pollution concentrations were downloaded with
the use of Google Earth Engine code. 1km x 1km resampling of annual averages from January
2019 to January 2022 of the Shelby County area were processed through Google Earth Engine
rather than downloading individual days through the Copernicus Open Access Hub. Three-year
averages were compiled and downloaded to detect overall trends in pollution concentrations
since pollution sources may change over time. NO2 and SO2 pollutant concentrations in Shelby
County were then mapped using ArcGIS Pro. NAIP images of both state parks were downloaded
from the USGS Earth Explorer. A total of six images of Meeman-Shelby Forest and four images
of T.O. Fuller State Park were taken on August 3, 2018, and downloaded as the most recent
available year and to match the temporal acquisition periods of Sentinel-5P for this study.
3. Methods
3.1. Overview of Methods
To obtain lichen abundance data set, I conducted field survey of lichen counts for each
plot as well as basic tree-level information including species and DBH to examine variability of
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lichen host species within the plot. All plot data and coordinate points were mapped in ArcGIS
along with layers of NAIP imagery and Sentinel-5P NO2 and SO2 concentrations in both parks.
Unsupervised land cover classification was used to delineate the forest area and NDVI values
were used to infer forest health conditions. To determine the portion of each state park with
better air quality, annual pollution concentrations were mapped over three consecutive years.
Total plot level pollution concentrations and NDVI values were compared in both parks to
estimate which park has overall better air quality and forest health. To provide statistical
confidence and to overcome the small number of samples, a bootstrapping technique with 1000
iterations was applied to lichen abundance datasets from plot locations. Finally, correlation
analyses were conducted to examine relationships between individual and combined park lichen
abundances with the satellite-based pollutant estimates (SO2 and NO2), NDVI values, and tree
DBH.
3.2. Image Processing
Geometric distortions from my NAIP image collection were corrected and used to
produce a photogrammetrically orthorectified mosaic dataset in ArcGIS Pro. To ensure accurate
scaling, all mapped layers were set to the same projection with the World Geodetic System 1984
(WGS 1964, EPSG: 4326) coordinate reference system. Sentinel-5P and NAIP images were then
clipped to each park’s boundaries and ready to be analyzed. NAIP mosaics were used to create a
NDVI dataset that served as a forest health index in both parks.
3.3. Statistical Analysis
Mean NO2 and SO2 annual pollution concentration data over three years (January 2019
through January 2022) were extracted at plot locations using the Extract Multi Values to Points
function in ArcGIS Pro. The exported values of each pollutant concentrations were then
12

averaged at plot level to determine combined three-year concentrations of pollutant for each park
before running statistical analysis in R Studio. Using the Zonal Statistics tool, cell value statistics
for NDVI values were calculated from 30-meter buffers around each plot location. The sum of
each plot’s lichen count was calculated as the lichen abundance variable. Bootstrapping
functions were then performed to calculate the confidence interval in R Studio. Assumptions of
normality were checked for each variable using a Shapiro-Wilk test before running correlation
analysis in R Studio. Where both variables are approximately normally distributed, Pearson’s r
correlation coefficient was used for correlation analysis and when data was not normally
distributed, Spearman’s rank-order correlation coefficient was used. Spearman’s correlation
coefficient is more appropriate than Pearson’s correlation coefficient when one or more variables
are not normally distributed (Bishara & Hittner, 2012). Series of correlation analysis were
conducted for combined plots (45 plots) and individual parks (30 and 15 plots) between lichen
abundances and three-year averages of each pollutant, NDVI values, and tree DBH. Three-year
averages of pollutants are used to determine possible trends that may not be clear by a one-year
average. Correlation values range from –1 to +1, where 0 indicates no relationship between the
variables and -1 or +1 indicate a perfect linear relationship. Statistical significance level is tested
at 0.05 (confidence level at 95%).
4. Results
A total of 591 trees from 46 different tree species were observed in the plots across both
state parks (Table 1).
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Table 1. Total tree species in the plots at Meeman-Shelby Forest State Park and T.O. Fuller
State Park
Scientific Name

Common Name

Celtis laevigata
Carpinus caroliniana
Fagus grandifolia
Fraxinus pennsylvanica
Gymnocladus diocius
Pinus echinata
Quercus alba
Quercus montana
Quercus rubra
Quercus velutina
Robinia pseudoacacia
Betula lenta
Ailanthus altissima
Nyssa sylvatica
Morus alba
Quercus michauxii
Taxodium distichum
Platanus oxidentalis
Sassafras albidum
Liriodendron tulipifera
Carya ovata
Ulmus americana
Ulmus rubra
Pinus taeda
Carya cordiformis
Populus deltoides
Diospyros virginiana
Juglans nigra

Sugarberry
American hornbeam
American beech
Green ash
Kentucky coffeetree
Shortleaf pine
White oak
Chestnut oak
Northern red oak
Black oak
Black locust
Sweet birch
Tree of heaven
Black gum
White mulberry
Swamp chestnut oak
Bald cypress
American Sycamore
Sassafras
Tulip poplar
Shagbark hickory
American elm
Slippery elm
Loblolly pine
Bitternut hickory
Eastern cottonwood
Common persimmon
Eastern black walnut

Tilia americana
Acer nigrum
Ostrya virginiana
Acer negundo
Pinus serotina
Fraxinus americana
Pinus rigida
Quercus lyrata
Quercus shumardii
Cornus florida
Ulmus alata
Liquidambar styraciflua
Quercus pagoda
Aesculus flava
Aesculus pavia
Fraxinus nigra
Quercus muehlenbergii
Carya glabra

Basswood
Black maple
American hophornbeam
Boxelder maple
Pond pine
White ash
Pitch pine
Overcup oak
Shumard oak
Flowering dogwood
Winged elm
American Sweetgum
Cherrybark oak
Yellow Buckeye
Red Buckeye
Black ash
Chinkapin oak
Pignut hickory
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American Beech (Fagus grandifolia) and Sugarberry (Celtis laevigata) trees were the two tree
species with the highest lichen count in both parks. (Fig. 6., Fig. 7).

Figure 6. Lichen count on tree species in T.O. Fuller State Park
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Figure 7. Lichen count on tree species in Meeman-Shelby Forest State Park

Percentages of lichen types by occurrences within both parks were made into pie charts (Fig. 8).
Foliose lichens accounted for 55 percent of the total lichen count at the T.O. Fuller plots and
Crustose lichens made up 64 percent of the total lichen count at Meeman-Shelby Forest State
Park.
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Figure 8. Pie charts of lichen occurrence by type of lichen in both state parks

The portion of forested land covers within park boundaries vary with both deciduous and
evergreen mixed forests (Fig. 9 & 10). T.O. Fuller consists of 64% forested land and 36% nonforest land cover. Meeman-Shelby Forest contains 89.6% forested land cover and 10.4% nonforest. Meeman-Shelby Forest has a higher percentage of forested land cover than T.O. Fuller
State Park.
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Figure 9. Forest and non-forest land cover at T.O. Fuller State Park
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Figure 10. Forest and non-forest land cover at Meeman-Shelby Forest State Park

To visualize the degree of photosynthetic activity of forest within the park, the NDVI function in
ArcGIS Pro was used with a white to green color ramp overlaying both state parks. NDVI values
range from –1 to +1, where higher values indicate healthy vegetation (green), and lower values
indicate unhealthy vegetation or non-vegetated land cover (white). NDVI values were developed
from the red and NIR bands and mapped using mosaicked NAIP imagery from each park (Fig.
11 and Fig. 12). Visually noticeable lower NDVI values occur more frequently towards
Meeman-Shelby Forest’s southern and western borders closer to the river. Low NDVI values are
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scattered throughout T.O. Fuller with the lowest area in the northeast and southwest corners of
the park.

Figure 11. Meeman-Shelby Forest State Park map of Normalized Difference Vegetation Index
values
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Figure 12. T.O. Fuller State Park map of Normalized Difference Vegetation Index values

Annual averages of pollution concentrations (Fig. 13 & Fig. 14) from Sentinel-5P from January
2019 to January 2022 were used to compare air quality within both state parks resampled at 1km
by 1km pixel resolution across the parks. SO2 concentrations were not consistent in either state
park over the three-year time span. The location of the highest concentrations changed each year
and affected mostly the edges of both parks. The center of Meeman-Shelby Forest continuously
had lower concentrations of SO2 than the outer portion of the park’s boundary. T.O. Fuller’s
southern boundary contained higher SO2 concentrations in the 2019-2020 annual average, but the
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following year had higher concentrations along the northeast boundary of the park. The most
recent year shows that the center of the park had the lowest concentrations.

Figure 13. SO2 concentrations in mol/m-2 from both state parks over three-year averages in 1km
x 1km pixel resolution
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Figure 14. NO2 concentrations in mol/m2 from both state parks over three-year averages in 1km
x 1km pixel resolution

Unlike SO2, NO2 concentrations were consistent in location in both parks. Higher levels
of NO2 remained in the northeastern portion of T.O. Fuller state park with minor variation from
year to year. NO2 concentrations were higher in Meeman-Shelby Forest’s southern boundaries
with variations from the southwest corner moving to the southeastern portion of the park in the
most recent year. Entire three-year averages of each pollutant were mapped along with lichen
abundance from each plot. There is no clear pattern with lichen abundance in T.O. Fuller and the
three-year pollution averages (Fig. 15 & Fig. 16) from either pollutant. Lichen abundance in
Meeman-Shelby Forest displays a slight trend with higher lichen count in areas with lower SO2
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concentrations from the three-year averages (Fig. 17) but shows no pattern with NO2
concentrations (Fig. 18).

Figure 15. Three-year average concentrations of SO2 with lichen abundance in T.O. Fuller State
Park

Figure 16. Three-year average concentrations of NO2 with lichen abundance in T.O. Fuller
State Park
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Figure 17. Three-year average concentrations of SO2 with lichen abundance in Meeman-Shelby
Forest State Park

Figure 18. Three-year average concentrations of NO2 with lichen abundance in Meeman-Shelby
Forest State Park
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Extracted NO2 and SO2 values from 30-meter buffers around the plot locations at both parks
showed that T.O. Fuller had higher averaged concentrations of NO2, and Meeman-Shelby Forest
had higher averaged concentrations of SO2 (Table 2).
Table 2. Pollutant concentrations from each park’s plots

MEEMAN-SHELBY FOREST
T.O. FULLER

SO2 PLOT CONCENTRATIONS
(MOL/M-2)
2.27E-4
1.96E-4

NO2 PLOT CONCENTRATIONS
(MOL/M2)
8.2E-5
8.8E-5

Regarding the forest health conditions, the plots at Meeman-Shelby Forest state park showed
higher NDVI values (0.29) than the plots at T.O. Fuller state park (0.11) (Fig. 19, Fig. 20).

Figure 19. Normalized Difference Vegetation Index values from Meeman-Shelby Forest State
Park
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Figure 20. Normalized Difference Vegetation Index values from T.O. Fuller State Park

4.1. Statistic Results
The bootstrapping function in R was utilized to show the bootstrapped distribution (1000
times) of means of lichen abundance between the two parks (Fig. 21, Fig. 22). Meeman-Shelby
Forest has a significantly higher density of lichen abundance (mean 6.73) than T.O. Fuller State
Park (mean 3.09).
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Figure 21. Bootstrapped Lichen Abundance Densities from Both State Parks

Figure 22. Combined park’s bootstrapped count of lichen abundance means in 20 bins with 95%
confidence

The combined park lichen abundance mean was 3.07 (Figure 22) with normal distribution
frequency. Series of correlation results were then presented in the following order: between
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lichen abundance and combined park values of each pollutant, NDVI, and DBH; and individual
park values of each pollutant, NDVI values, and DBH (Table 3).

Table 3. Correlation results of Pearson’s r or Spearman’s 𝜌 with statistical significance at 0.05
(*p<0.05)
COMBINED
MEEMANSHELBY FOREST
T.O. FULLER

SO2
𝜌 = 0.25

NO2
𝜌 = -0.44 *

NDVI
𝜌 = 0.65 *

DBH
𝑟 = -0.05

𝜌 = -0.32

𝑟 = -0.04

𝑟 = 0.55 *

𝑟 = -0.24

𝑟 = -0.05

𝑟 = -0.24

𝑟 = 0.25

𝑟 = -0.14

The relationship between combined park values of SO2 concentrations and lichen abundance was
weak (Fig. 23a) with non-significant Spearman’s rank-order correlation of 0.25 (p > 0.05).
Combined park values of NO2 concentrations and lichen abundances showed a statistically
significant negative correlation (Spearman’s correlation of –0.44, p < 0.05) (Fig. 23b). And a
statistically significant negative correlation (Spearman’s correlation of -0.68, p < 0.05) between
combined park values of SO2 concentrations and NO2 concentrations (Fig. 24). A positive
correlation between NDVI values and lichen abundance (Spearman’s correlation of 0.65, p <
0.05) (Fig. 25a) was found while non-significant negative correlation was found between tree
DBH values and lichen abundance (Pearson’s r of –0.17, p = 0.26) (Fig. 25b).
4.1.1. T.O. Fuller State Park
Pearson’s r correlation between both three–year SO2 and NO2 average concentrations and
lichen abundance was weak and non-significant (r = –0.05, p = 0.87 and r = -0.24, p = .0.39,
respectively) (Fig. 26a and 26b). Pearson’s r correlation between three-year NO2 average and
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three-year SO2 average concentrations was –0.31, (p = 0.26) indicating a non-significant
negative relationship (Fig. 27). Pearson’s r correlation between NDVI values and lichen
abundance was non-significant (r = 0.25, p = 0.36) (Fig. 28a) and between lichen abundance and
DBH was also non-significant (r = -0.14, p = 0.61) (Fig. 28b).
4.1.2. Meeman-Shelby Forest State Park
Meeman-Shelby Forest’s three-year SO2 concentrations and lichen abundance showed
weak correlation with the Spearman’s rank-order correlation of –0.32 (p = 0.08) (Fig. 29a).
However, the lichen abundance increased as the levels of SO2 decreased. The three-year NO2
average concentrations and lichen abundance variables showed no correlation (r = 0.04, p = 0.84)
(Fig. 29b). There was no correlation between three-year SO2 concentrations and three-year NO2
concentrations (Spearman’s correlation of –0.02, p = 0.91) (Fig. 30). However, Pearson’s r
correlation between NDVI values and lichen abundance was 0.55 (p < 0.05) showing a
statistically significant positive relationship (Fig. 31a). Lichen abundance and DBH values were
not correlated (r = -0.24, p = 0.21) (Fig. 31b).

Figure 23. Combined Park Lichen Abundance and Three-Year SO2 (a) and NO2 (b) Correlations
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Figure 24. Combined Park SO2 and NO2 Correlation

Figure 25. Combined Park Normalized Difference Vegetation Index and Lichen Abundance (a)
and DBH and Lichen Abundance (b) Correlations
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Figure 26. T.O. Fuller Three-Year SO2 (a) and NO2 (b) Correlations with Lichen Abundance

Figure 27. T.O. Fuller Three-Year SO2 and NO2 Concentrations Correlation
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Figure 28. T.O. Fuller Normalized Difference Vegetation Index and Lichen Abundance (a) and
DBH and Lichen Abundance (b) Correlations

Figure 29. Meeman-Shelby Forest Three-Year SO2 (a) and NO2 (b) Correlations with Lichen
Abundance
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Figure 30. Meeman-Shelby Forest Three-Year SO2 and NO2 Concentrations Correlation

Figure 31. Meeman-Shelby Forest Normalized Difference Vegetation Index and Lichen
Abundance (a) and DBH and Lichen Abundance (b) Correlations

5. Discussion
Both parks showed the same two tree species with the highest lichen counts: American
Beech (Fagus grandifolia) and Sugarberry (Celtis laevigata). Foliose lichens, typically more
sensitive to pollution, were the dominant type in T.O. Fuller and Crustose were the dominant
type in Meeman-Shelby Forest. While Meeman-Shelby Forest had higher overall lichen
abundance, the difference in lichen type potentially requires further investigation whether each
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type is more sensitive to N and S pollutants or are more favorable to a certain type of tree bark.
Meeman-Shelby Forest also contained 25.6% more forested land cover and higher NDVI values
than T.O. Fuller State Park, meaning Meeman-Shelby Forest could possibly have healthier
forests. T.O. Fuller had an overall higher concentration of pollution than Meeman-Shelby Forest.
The only pollutant that showed to be statistically significant relation to lichen abundance was
combined NO2 concentrations from both parks. This outcome may suggest that NO2 has more of
an impact on lichen abundance. Although not significant on the individual park level, NO2
showed more correlation with lichen abundance at T.O. Fuller and SO2 showed more correlation
with lichen abundance at Meeman-Shelby Forest. Perhaps with a higher number of plots and
more lichen abundance data, these correlations would be statistically significant with each
pollutant. Combined NDVI values strongly correlated with lichen abundance, showing that
higher lichen abundance is an indicator of healthier forests. However, NDVI values alone cannot
directly infer healthy vegetation. Factors such as species type and age can contribute to
variations in NDVI values. The relationship between NDVI values and lichen abundance at T.O.
Fuller was not significant but the low number of sample size would be affected the statistical
significance. Tree DBH showed no relationship with lichen abundance nor NDVI values,
implying lichen abundance nor NDVI is independent of tree size in this study.
Three-year averages (2019-2022) of combined NO2 and combined SO2 concentrations
showed a significant relationship, however, there is room for interpretation as pollution sources
may emit one pollutant more than the other or both at the same time. Annual averages of SO2
concentrations were not consistent over the three-year period in either park (Fig. 13). Each year,
different portions of each park seemed to experience higher concentrated levels of SO2. SO2
concentrations were expected to increase along the Mississippi River due to boat emissions and
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the lack of lichen abundance during the plot surveys, but the annual average concentrations
showed no trends over the three years (Fig. 14). NO2 concentrations over the three-year period
were consistent in the northeastern corner of T.O. Fuller, which could explain why lichen
abundance and NO2 showed a higher correlation in that park than SO2. NO2 concentrations
shifted across the southern boundaries each year at Meeman-Shelby Forest. Since lichens are
relatively slow in growing, this likely explains why there was not a strong relationship between
abundance and pollution since concentrations moved locations from year to year. Perhaps
pollution averages over a longer period would show more concentration trends that would further
explain lichen abundance distribution patterns.
A limitation of this study was the low number of samples from T.O. Fuller State Park,
where more data would likely show stronger relationships between lichen abundance, pollution,
and NDVI values. Some areas of the parks with higher pollution concentrations were not easily
accessible for the establishment of a plot, which would likely affect the results. For example, the
Wildlife Management Area situated in the west-central part of Meeman-Shelby Forest is not
open to the public, so no plots could be set up in that area. Also, there are several private
properties along the T.O. Fuller State Park boundary.
6. Conclusion
Objectives of this study were to evaluate the lichen communities in two urban state parks
as bioindicators of forest health, paired with Sentinel-5P pollution estimates to monitor air
quality. The park’s location near industrial facilities has shown to impact its forest health.
Significant relationships between lichen abundance and NDVI values implied that lichens are a
good indicator of forest health, but other factors may also contribute to higher NDVI values.
Both state parks are susceptible to pollution emissions due to their locations close to FRS sites or
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high-trafficked riverways. Meeman-Shelby Forest State Park was primarily affected with higher
SO2 concentrations than T.O. Fuller State Park. In contrast, lichen abundance and forest health in
T.O. Fuller showed more impact with higher levels of NO2 and less forest cover. This work
suggests the establishment of more permanent plots for long-term lichen survey and monitoring
of pollution estimates from a wider temporal range of Sentinel-5P to improve the use of lichen as
bioindicator and understanding the relationship between air pollution and forest health.
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